Introduction
High angle focusing is the key to obtaining high resolution in optical microscopy. It is not only relevant to all disciplines of light microscopy including its confocal and non-linear versions, but also to optical data storage and a variety of optical spectroscopy techniques. Of the latter, the most prominent is the detection of single molecules on surfaces and in solution, where high aperture focusing helps to provide high sensitivity and spatial localization (Eigen & Rigler, 1994; Weiss, 1999) . Annular apertures play an important role in the field of super-resolution (Toraldo di Francia, 1952) because their use reduces the lateral full-width-half-maximum of the diffraction maximum by up to 30%, albeit at the expense of higher side-lobes and a strong elongation of the focus. Therefore, a significant number of publications deal with the effect of annular apertures and pupil filters (Sheppard, 1977; Brakenhoff et al., 1979; Wilson & Sheppard, 1984; Hegedus & Sarafis, 1986; Sheppard & Hegedus, 1988; Hegedus, 1990; Gu et al., 1994; Hell et al., 1995) .
Importantly, annular illumination influences not only the focal intensity distribution but also the structure of the electric field in the focus. It is known from electromagnetic focusing theory (Richards & Wolf, 1959; Stamnes, 1986) that when focusing linearly (x-polarized) light at high apertures the focal field also exhibits significant perpendicular and longitudinal components E y and E z . The depolarization is due to the curvature of the spherical wavefront of the focused field and is predicted to be stronger at high apertures, in accordance with the intuitive expectation that larger focusing angles of the marginal rays lead to a stronger bending of the field vector. Depolarization should be even more pronounced with annular apertures because they generate just marginal rays. This is exacerbated by the fact that annular illumination or detection is used for resolution increase where high apertures are required.
Depolarization phenomena have been qualitatively observed in single molecule near-field optical scanning microscopy (NSOM), where depolarization effects generated by the tip are generally stronger (Betzig & Chichester, 1993) . Significant progress in comparing experimental results with theory has recently been reported (Veerman et al., 1999) . By contrast, the measurement of the transverse and longitudinal components in the far-field diffraction distribution of a lens is difficult. The quantification of the vectorial properties of the focal field of a lens has been approached by using an aluminium-coated NSOM tip made of a polarization preserving fibre (Toledo-Crow et al., 1995) . The NSOM as a local probe approach, however, is invasive in the sense that the tip may influence the focal field to be probed. Moreover, the investigated lens featured a rather low semiaperture angle (a 36.88) and our calculations showed that the intensity of the measured transverse component differed from the value anticipated by electromagnetic focusing theory by an order of magnitude.
Equations delivering the field at high focusing angles (Richards & Wolf, 1959; van der Voort & Brakenhoff, 1990; Hell & Stelzer, 1992; Hell et al., 1993; Sheppard & To Èro Èk, 1997; To Èro Èk et al., 1998) are readily adapted to annular apertures. However, real objective lenses might behave differently because other sources of depolarization may also play a role. For example, depolarization of light may be induced at the lens surfaces because, following the Fresnel equations, spherical refractive surfaces lead to a small but significant rotation of the plane of polarization (Inoue, 1952) . Depolarization can also be caused by residual strain in the glass, which is more difficult to handle theoretically. Although depolarization by refraction and strain may be noticed in the transmitted beam of two opposing lenses, the depolarization in the focus cannot be directly inferred from the transmitted light. This stems from the fact that the various contributions add up coherently in the focus and also evolve differently when leaving the focal region. Therefore, it is important to define an experimental procedure by which it is possible to determine the strength of the depolarized field in the focus.
The polarization of the focal field is important not only to microscopy but to all disciplines in which the relative orientation between molecular transition dipole moment and the light field plays a decisive role. Examples include biophysical spectroscopy (Axelrod, 1979) , as well as the spectroscopy of single molecules (Eigen & Rigler, 1994; Weiss, 1999) . In this paper, we measure the degree of depolarization in high aperture focusing with emphasis on annular apertures. Our method is based on the excitation of ferroelectric, fluorescent monomolecular layers . By comparing the measured depolarization with the theoretical prediction we discuss the cause of depolarization and assess the strength of the depolarized components of the electric field. We demonstrate that the effect can be substantial, with the integrated perpendicular focal intensity amounting to up to 10% of that of the initial polarization. We also show that the depolarization effect strongly depends on the radius of the annulus. For a regular 1.4 numerical aperture oil immersion lens a significant depolarization is found which, however, can be controlled by apodizing the wavefront in the pupil of the lens.
Materials and methods

Theory
To compare our experimental findings with values anticipated from ideal focusing conditions, we employed the electromagnetic focusing theory of Richards & Wolf (1959) . The point spread funtion of an aplanatic lens illuminated by an x-polarized beam is given by
where the electric field is expressed in cylindric coordinates E x,y,z (u, v, f); see Fig. 1 . The variables m (2u ÅzNA 2 )/(nl) and v (2prNA)/l are optical units with x, y, z being focal coordinates originating at the focal point and r p (x 2 1 y 2 ). The refractive index of the medium is denoted by n and NA n sin a is the numerical aperture. The integrals are given by
where a H is the aperture angle connected with the inner radius of the annulus and u is the polar angle of the aperture. For the full aperture a H 0. J 0,1,2 are Bessel functions of the first kind and the evaluation of the integrals is performed numerically. Figure 2 shows the modulus squared of the field components in the focal plane |E x,y,z (x,y,0)| 2 , normalized to unity. Note the four-fold symmetry of the |E y | component.
Experimental
Our polarization-sensitive focal probe consists of ferroelectric fluorescent domains of a polydiacetylene monolayer mounted on a cover slip by means of the Langmuir± Blodgett technique (Go Èbel et al., 1987; Schrader et al., 1998) . The domains extend laterally over several tens of micrometres. Their fluorescent backbone is highly orientated, so that the transition dipoles of excitation all point in the same direction. The polydiacetylenes feature a broad single-photon excitation in the blue and green part of the spectrum and a significant two-photon excitation from about l 730 nm up to 1100 nm, with l denoting the wavelength of light (Schrader et al., 1998) . The emission spectrum is broad, ranging from 530 to 650 nm. Figure 3 shows the layout of the experiment. The light source was a mode-locked Nd:Vanadate±laser (Time-Bandwidth-Products, Zu È rich, Switzerland) emitting 7.1 ps pulses at a repetition rate of 200 MHz at a wavelength of 1064 nm. The pulses were focused onto a KTP frequencydoubling crystal to yield an excitation wavelength of l 532 nm. The fundamental laser mode was stopped by a Schott KG3 colour glass filter. The pulsed mode is not a precondition for our experiment. We used this laser because it conveniently rendered a suitable excitation wavelength. The 532 nm beam was cleaned by a pinhole, which could be varied in diameter: 10, 30 and 100 mm. The 300 mm focal length of the tube lens was chosen such that for the 10 mm pinhole it flattened out the beam profile across the entrance pupil of the objective lens. The frequency doubled beam was polarized by a Glan±Thomson prism with a polarization ratio of 10 26 . A zero-order l/2-plate mounted on a stepping motor precisely rotated the orientation of the incoming field with respect to the layer.
We placed a mount in front of the objective lens that allowed us to insert various beam shaping elements, such as beam stops of various size. The objective lens was a NA 1.4 oil immersion lens (Leica 100Â , Planapo, Wetzlar, Germany). It is connected with a semiaperture angle of 67.38, which is the highest for immersion lenses. Annuli were produced by obstructing the central part of the beam with a black circular foil attached to a plane parallel glass plate, as indicated in Figs 1 and 4 . The diameters of the circular obstructions were 3.7, 4.5 and 5.0 mm, so that they amounted to 66, 80 and 89% of the diameter of the aperture, respectively. The obstruction was aligned in the beam by observing the transmitted excitation light as a guide. Figure 4 reveals that we also employed a cross-like Fig. 6 . Measured integral depolarization P in high aperture focusing. The fluorescence F of the polydiacetylene layer is measured as a function of the angle w between the orientation of the transition dipoles and the incoming electric field. Angles of 908 and 2708 represent perpendicular orientation, thus allowing for the direct observation of the perpendicularly orientated field in the focal region of the lens for various aperture conditions. The depolarization is strongest, 5.49%, for the narrowest annulus. For the commonly used full aperture of 1.4 oil, P amounts to 1.59%. obstruction and another pattern that is just the negative thereof. They are referred to as`black cross' and`transparent cross', respectively.
The cover slip with the orientated polydiacetylene layer was mounted in immersion oil and covered with a second cover slip. The slips were placed in the focus of the high aperture objective lens where the orientation of the illumination focal field is probed by measuring the fluorescence as a function of the focal field orientation. Therefore, the fluorescence is collected by a NA 1.2 lens. Apart from the fact that it ensures a high collection efficiency the high aperture of the second lens is irrelevant. Residual excitation light was stopped by two 532 nm notch filters with a combined suppression of 10 29 . The fluorescence was collected by a large area photomultiplier operating in the photon counting mode. An iris was placed in front of the photon counting photomultiplier to suppress ambient light.
In order to measure the focal field components we rotate the polarization of the incoming laser field with respect to the fixed orientation of the polydiacetylenes by the angle w.
The rotation is performed both for a clear aperture of the objective lens as well as for various modifications of the entrance pupil, described later in the paper. For perfectly lined up transition dipoles the fluorescence signal obeys:
If the incoming field is parallel to the transition dipole orientation, that is w n Â 908, with n 0, 2, 4,¼, the fluorescence measured by the photomultiplier is proportional to jE x j 2 dxdy. For the perpendicular case, n 1, 3, 
is a quantitative measure of the depolarization of the focal field. In fact, P gives the relative probability that a randomly orientated molecule is excited by the perpendicular field originating from depolarization. In the case of absent depolarization, as is expected for low semi-aperture angles, F will always be dominated by the cos 2 w term. This is impressively confirmed by experiment (Fig. 5) , where the measured data points for a 14.38 are shown along with a cos 2 w function. Automated data acquisition ensured fast recording of the fluorescence from the very same spot for all w. A full 0 , w , 3608 sweep consisting of 110 points was taken within 440 s by rotating the half-wave plate with a stepping motor. All our measurements were carried out at a temperature of 22^1 8C. The fluorescence is derived from a 10 Â 1 mm XZ-image. The photomultiplier dark counts are measured in each image and substracted.
Results
We measured the integral depolarization P by measuring the fluorescence F as a function of w, at constant excitation intensity. Each data point represents the normalized integration of the fluorescence F. The data points at w ² 908 render the integral depolarization P. In order to better contrast the small values at around w ² 908, Fig. 6 semilogarithmically displays a typical measurement of F. The result of full rotations of the field are shown for normal and annular apertures, with obstruction diameters of 66, 80 and 89%. The high degree of symmetry underscores the absence of noteworthy photobleaching in the measurement. Whereas the fluorescence is strongest for w 08 and 1808, it is weakest for perpendicular orientations w 908 and 2708. Figure 6 reveals a significant component E y for the NA 1.4 condition. The integral depolarization P amounts to 1.59% in this measurement, apparently because the high semi-aperture angle a 67.38 leads to a non-vanishing field depolarization. Assuming an ideal NA 1.4 the value of P predicted by the electromagnetic focusing theory is 1.91%.
The depolarization increases with decreasing width of the annulus. This is anticipated because the strongly bent marginal rays become increasingly dominant with increasing obstruction diameter. When averaging the two values found at f 908 and 2708, for the annular obstructions of 66, 80 and 89% the typical measurement in Fig. 6 reveals a depolarization of P 3.51, 4.80 and 5.85%, respectively. To increase the precision, we have carried out a series of such measurements. For the above annuli, we measured the following depolarization: P 3.30^0.38, 4.72^0.26 and 5.49^0.43%. We note that the vectorial focusing theory yields P 3.24, 4.42 and 5.83, respectively.
The dependence of the electric field on the angle f in Eq. (1) indicates that different parts of the aperture contribute with different strength to the depolarized field components. The rays with f equal to multiples of 908 will contribute negligibly to the transverse depolarization. Figure 2 shows that the component E y vanishes along the x-, y-and z-axis and that it is strongest in the region around the diagonals. This applies also to depolarization due to refraction (Inoue, 1952) . Hence, the largest contribution to E y can be anticipated from the four diagonal parts of the outer part of the aperture, that is for f n Â 458, with n 1, 3, 5, and 7. Emphasizing these rays with a suitable obstruction should lead to a substantial depolarization. Conversely, the obstruction of the outer diagonal part of the aperture should weaken the depolarization effect and should render the focal electric field more evenly polarized. We investigated this prediction by employing the`black cross' and`transparent cross' obstructions sketched in Fig. 4 . Typical measurements are displayed in Fig. 7 . We found that the transparent cross obstruction featured an integral depolarization P 0.91^0.22% that is weaker by a factor of 1.7 than that measured for the normal aperture of NA 1.4 (Fig. 6) . By contrast, the`black cross' obstruction stopping everything but the corners of the aperture renders an integral depolarization of P 10.79^0.53%. This is 11.8 times higher than its transparent cross counterpart and higher by a factor of two than that obtained with the 89% annular obstruction.
As a next step, we carried out an experiment which is in a way just the opposite to one using the annular aperture. We reduced the amplitude of the incoming field at the outer region of the entrance pupil of the objective lens. This is accomplished by using three different diameters for the illumination pinhole (Fig. 3) , namely 10, 30 and 100 mm. The smaller the pinhole the stronger the diffraction and the flatter the intensity profile across the entrance pupil of the objective lens. Figure 8(a) shows a measurement of the intensity distribution and the corresponding intensity profiles across the entrance pupil of the objective lens. For the 10 mm pinhole the beam is rather flat, that is, all points in the aperture feature an intensity of . 85% of the maximum. By contrast, when illuminating with the 100 mm pinhole the wavefront in the entrance pupil is strongly apodized. The intensity of the marginal rays drops to 30% of that in the beam centre. Figure 8(b) shows the normalized, measured fluorescence P for the various degrees of apodization. The data reveal a depolarization of 1.47, 1.02 and 0.75% for the 10, 30 and 100 mm pinholes, respectively. For comparison, we also show a measurement for a small aperture (NA 0.375), in which case the depolarization dropped to 0.30%.
Discussion
We have measured the integral depolarization of the field in high angle (annular aperture) focusing. In accordance with the theoretical expectation, the depolarization is more pronounced when obstructing the central part of the aperture. If the diameter of an annular obstruction amounts to 89% of that of the pupil of the objective lens an integral depolarization of up to P 5.49^0.43% is observed. This reveals that depolarization effects cannot be ignored in annular aperture microscopy.
Still, when comparing this effect with the usual signal level of 10±200 counts per sub-Nyquist voxel in fast recording fluorescence microscopy, the depolarization effect will be masked by noise in most cases. However, for count levels of 1000 per voxel and higher it will become significant. The situation will be different in single molecule spectroscopy where up to 10 5 210 7 counts are collected per molecule. For example, when exciting single molecules randomly orientated in a plane with an annular high aperture lens, 3±6% of the excitations will trace back to the transverse component of the electric field.
By allowing the measurement of the integral of the intensity of the transverse electric field, monomolecular, ferroelectric polydiacetylene layers are highly suitable for studies of polarization in the focus. In principle, the fields can be estimated under certain assumptions. If we assume that the depolarization stems exclusively from the curvature of the wavefront, we can assess the transverse fields E y and E z for the three annular obstructions by setting them equal to the theoretical values predicted for these components at NA 1.4. For the annular apertures of 66, 80 and 89% we calculated (E y max /E x (0,0,0)) < ,11, ,14 and ,17%, respectively. For the longitudinal counterparts we can calculate that (E z max /E x (0,0,0)) < 56, 63 and 68%. However, this estimate of E y and E z bears significant uncertainties that stem from the fact that the high aperture depolarization does not entirely trace back to wavefront curvature. For example, Eqs (1) and (2) predict that the depolarization P nearly vanishes for semi-aperture angles a , 208. However, for a 14.38 (NA 0.375) we still found a residual depolarization P 0.34^0.12%. Potential causes of residual depolarization could be misaligned molecules or a finite transition dipole moment of the fluorescent backbone along the axis of depolarization. The probability of having depolarized molecules in the focus was reduced by purposely orienting the focused field parallel to these putative molecules and increasing the laser light by a factor of 22. Our subsequent repeated scanning would have bleached these molecules and their potential contribution. The 0.34% is an upper limit for potential contributions from orthogonal transition dipole moments.
A significant`technical' contribution to the depolarization stems from the fact that, according to the Fresnel equations, the polarization is slightly rotated at the surfaces of the individual lenses of the compound objectives (Inoue, 1952) . For linearly polarized light, the rotation does not take place in the direction of initial polarization or ELECTRIC FIELD DEPOLARIZATION IN HIGH APERTURE FOCUSING 65 perpendicular to it. This reasoning is backed by the observation of depolarized laser light featuring a dark cross in the middle, when observing the light transmitted through two opposing identical lenses. We also observed a nonnegligible temperature dependence of this effect, with the smallest depolarization occurring at around 28 8C. At the practically more relevant temperature of 22^1 8C the`technical' depolarization for the open NA 1.4 lens is of the order of 1.5%. However, one cannot directly attribute the depolarization exclusively to this effect, or to birefringence, or to the curvature of the wavefront, because the depolarized field adds up coherently to yield the final depolarization in the focus. If the refractive indices of all the lens components and coatings are known, the effect of refraction can be predicted theoretically, in which case one could determine the pure contribution by the curvature. However, we note that for all practical purposes the resulting depolarization in the focus is decisive and this is given by our measurement.
Performing these experiments with single molecules at room temperature is conceivable but challenging due to the limited molecular photostability and the concomitant low signal-to-noise ratio. This might not be the case when measuring the longitudinal (z-polarized), field which is almost 30 times stronger. In this case, the contributions from the curvature of the field should dominate (Fig. 2) . Provided that a compromise in spatial resolution is acceptable, one could exploit the obstruction effects reported herein for the generation of a (differential) polarization contrast. For example a differential image between the`black cross' and`transparent cross' images would reveal the molecules that are perpendicularly orientated with respect to the main direction of polarization.
Conclusions
Depolarization of the light field in the focus of a lens, which so far has been mostly in the realm of theory, has been experimentally demonstrated. We measured the integrated intensity of the transverse field E y arising with x-polarized illumination in a 1.4 oil immersion lens. The relative strength of 1.5% of the integral of the intensity of E y with respect to that for E x is increased through annular apertures up to 5.5%. Cross-like obstructions blanking out the directions parallel and orthogonal to the field orientation further increase the depolarization. We conclude that vectorial depolarization can be effectively controlled by changing the field amplitude across the pupil of the lens. We demonstrated that depolarization effects are not strong enough as to be significant in routine biological fluorescence microscopy, where low signals and fast data acquisition are preferred over high measurement accuracy. However, depolarization by focusing is practically relevant in high aperture (annular) microscopy, as well as in single molecule spectroscopy and microspectroscopy utilizing polarization for retrieving quantitative molecular information.
